Palaeocarpinus dakotensis Manchester, Pigg, et Crane sp.n. (Coryloideae, Betulaceae) is described from the Late Paleocene Almont and Beicegel Creek floras of North Dakota based on infructescences with associated staminate catkins, pollen, and leaves. The well-preserved, silica-permineralized specimens provide both anatomical and morphological data for this widely distributed genus of the Northern Hemisphere Paleogene. Characters that were previously unknown for the genus are described from anatomically preserved specimens, supporting earlier suggestions that Palaeocarpinus combines features found separately in the extant Coryleae and Carpineae. Features of Coryleae include infructescences composed of cymes with paired nuts, each enclosed within two highly dissected bracts of equal size quite similar to those of some species of modern Corylus, and staminate catkins with four to six bifurcate stamens per bract. Similarly, there are four bifurcate stamens per bract in extant Corylus and four to six in Ostryopsis, whereas more numerous stamens are found in Carpinus and Ostrya. Other features, however, are characteristic of the Carpineae, including external longitudinal ribs on bracts, many fruits per infructescence, and small, ribbed nuts with vascular bundles lying outside the endocarp. Pollen from the stamens of associated catkins is triporate with a scabrate exine and apparently lacks opercula on the apertures, as in Corylus. Simple, cordate-based elliptical leaves with pinnate, craspedodromous secondary veins and serrate margins referred to Corylites sp. are also found in association and are thought to represent the same coryloid plant. The appearance of Palaeocarpinus in the fossil record apparently predates that of extant genera in the Coryloideae, and it is likely that Palaeocarpinus-like plants were the forerunners of both Coryleae and Carpineae.
Introduction
Palaeocarpinus was a widespread, ecologically important genus in the Northern Hemisphere during the early Tertiary. Specimens are known from Paleocene strata in Europe, Asia, and western North America (Crane 1981 (Crane , 1989 Crane et al. 1990; Sun and Stockey 1992; Manchester and Chen 1996; Manchester and Guo 1996; Akhmetiev and Golovneva 1998; Chen et al. 1999; Manchester 1999) , the early Eocene of Spitsbergen (Golovneva 2000) , the middle Eocene of western North America (Wehr and Hopkins 1994; Wehr 1995; Pigg and Wehr 2002; Pigg et al. 2003) , and the Eocene/Oligocene of Far Eastern Russia (Akhmetiev and Manchester 2000) . The genus was originally established for compressed fruiting remains from the Upper Paleocene Reading Beds of England (Crane 1981) , showing a combination of characters found separately in Carpinus and Corylus today. Palaeocarpinus fruits are small nuts with prominent longitudinal striations like those of Carpinus that are enveloped within two equalsized bracts similar to those found in some extant species of Corylus.
Six species of Palaeocarpinus have been formally named, but the addition of other, as yet undescribed, representatives brings the number to about a dozen species from Paleocene, Eocene, and Eocene/Oligocene floras. The species are distinguished mainly by differences in infructescence bract morphology, including length/width ratio, degree of dissection, and number and type of spines. Other differences, perhaps in part the result of variations in preservational quality, include presence or absence of a prominent peduncle and persistence of the tepals and style. These widespread occurrences demonstrate that during the Paleocene, Palaeocarpinus was an important part of the Northern Hemisphere mid-and high-latitude floras and that it persisted well into the Eocene in western North America and the Eocene/Oligocene in eastern Asia.
In this article, we describe Palaeocarpinus dakotensis sp.n. from Late Paleocene silicified shales of central and western North Dakota. This taxon was first documented and illustrated in an introductory treatment of the Almont flora (Crane et al. 1990) . During the past dozen years, additional fossils from the Almont site and from a newly 1 Author for correspondence; e-mail steven@flmnh.ufl.edu. discovered locality near Beicegel Creek in western North Dakota have been recovered, providing new information about the plant. Although some species of Palaeocarpinus were widespread across the central part of North America in the Paleocene, P. dakotensis, with its large, highly dissected infructescence bracts, has been found only at these two sites in North Dakota. Both sites are highly informative because the plant fossils have anatomical preservation and because infructescences, fruits, foliage, and staminate catkins with in situ pollen, as well as dispersed pollen of the same type, all occur together, providing exceptional opportunities for the detailed characterization and reconstruction of this extinct plant.
Material and Methods
Specimens were examined at the North Dakota Geological Survey Heritage Museum and at the University of Wisconsin, Stevens Point. Additional specimens from our own fieldwork are deposited at the Field Museum (Chicago; specimen numbers prefixed PP), the Florida Museum of Natural History (specimen numbers prefixed UF), and Arizona State University.
The species treated here is known only from two localities in North Dakota: Almont and Beicegel Creek. Both of these localities are within the Sentinel Butte Formation, which is considered to be Late Paleocene (Tiffanian) based on mammal correlations (Kihm and Hartman 1991) . The Almont flora (Crane et al. 1990 ; UF locality [loc.] 15722) was collected from a site located 22 km north of the town Almont, North Dakota. The newly discovered Beicegel Creek site (UF loc. 18907) is about 120 km west of the Almont site and contains a plant assemblage nearly identical to that at Almont, including Ginkgo, cf. Metasequoia, Amersinia, Averrhoites, Beringiaphyllum, Cyclocarya, Davidia, Nordenskioldia, Paleomyrtinaea, Porosia, schizocarpic Acer-like samaras, Wimmeria-like fruits, and clavate seeds of probable zingiberaceous affinity.
Anatomically preserved infructescences, fruits, and associated staminate catkins were studied by reflected light microscopy, scanning electron microscopy (SEM) of fractured surfaces, and by transmitted light microscopy of thin sections. Details of the perianth and styles were revealed by grinding with a diamond-tipped flexible shaft drill while viewing with a dissecting microscope. Serial sections of the fruits and catkins were prepared at 0.4-1.0-mm intervals using a Microslice II annular diamond saw. Resulting wafers were etched briefly with HF and HCl to enhance contrast for photography by reflected light microscopy or, in some instances, epoxied to glass slides and ground to 30 mm thickness on a Buehler thin-sectioning machine to produce thin sections for transmitted light microscopy. In situ pollen was studied within silicified anthers by light microscopy of thin sections ( fig. 6A-6C ) and by SEM of catkins that were sectioned and etched for a few minutes in a mixture of concentrated hydrofluoric and hydrochloric acid ( fig. 6D ). Leaf terminology follows that of the Leaf Architecture Working Group (LAWG 1999). Species diagnosis. Infructescence elongate, 7-11 cm long and 3-4 cm wide including bracts, composed of many (ca. 15) cymules helically arranged around a woody axis 1.0-2.8 mm in diameter; cymules each containing paired fruits. Fruit a small, sessile nut, typically 6-6.5 mm long 3 4-5 mm wide (occasionally up to 9 mm long 3 8 mm wide), broad, and 3.5-4 mm thick, enclosed by involucre of two equal-sized, opposite bracts. Bracts large, chartaceous, 17-24 mm long, 12-19 mm wide, variable in size and marginal dissection, usually deeply dissected, bilobed, each lobe irregularly toothed or with planated spines. Nut developing from bilocular ovary, remaining bilocular, or becoming unilocular at maturity by rupture of the thin median septum. Ovules two, placentation apical, axile, with one or both developing into a seed. Nut formed from inferior ovary, oval in face view, lenticular in cross section with about 15 longitudinal ribs. Dorsal and ventral inner surfaces of the endocarp with a slight median ridge corresponding to position of the septum. Fruit wall 0. fig. 1G, 1H) .
Systematics of Infructescences
Etymology. The specific epithet, dakotensis, refers to the occurrence in North Dakota.
Description
Palaeocarpinus dakotensis is represented by many infructescences ( fig. 1A-1D , 1G) as well as occasional paired fruits (cymules) ( fig. 1E, 1F ; fig. 2A ) and isolated fruits ( fig. 2C-2E ). Ca. 20 infructescence specimens of more than 60 in our collections were studied in detail. Specimens are naturally fractured in a variety of orientations, providing external and internal morphological detail (figs. 1, 2A-2E). Serial thin sections of individual fruits reveal the internal structure and anatomy (figs. 2F-2H, 3).
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Infructescences are 7-11 cm long and 3-4 cm wide including the bracts and are composed of a woody axis 1.0-2.8 mm thick, surrounded by up to ca. 15 helically arranged, two-fruited cymules ( fig. 1 ). Considerable variation in the distribution and spacing of cymules occurs among specimens. Some are tightly spaced and compact ( fig. 1A ) while others are looser, with longer internodes ( fig. 1B-1D ). Fruits are borne in opposite pairs along the axis ( fig. 1C-1H ), indicating that there are two fruits per cymule. The infructescence axis is up to 11 cm long and 1.5-2 mm thick. Each nut is sessile and is enclosed by an involucre of two large, highly branched, approximately equal-sized, opposite bracts ( fig. 1A-1H ; fig. 2A , 2B). These bracts are 17-24 mm long and 12-19 mm wide with a chartaceous texture. They are variable in size and marginal dissection but are usually deeply dissected to bilobed with each lobe irregularly toothed or with planated spines ( fig. 2A, 2B ). Anatomically, the bracts are highly fibrous and vascularized by several bundles each ( fig. 3D ).
The nuts are typically small, 6-6.5 mm long, 4-5 mm wide, and 3.5-4 mm thick ( fig. 1A-1C , 1E, 1G, 1H; fig. 2A , 2C, 2D) although they may be up to 9 mm long and 8 mm wide ( fig. 1D ). When exposed on the rock surface, they generally appear smooth, but this is because the fossils usually fracture along the smooth plane of weakness between the endocarp and epicarp or sometimes between the endocarp and locule cast ( fig. 2A, 2C, 2D ). However, transverse sections confirm that the outer surface of the nut was longitudinally ribbed ( fig. 2H ; fig. 3A , 3B, 3E) with ca. 15 longitudinal ribs present along the periphery of the nut wall ( fig. 3A ). These ribs represent the veins of the perianth and extend fully into the apical lobes of the tepals. Internally, the nut has a median ridge on both dorsal and ventral inner sides ( fig. 2F-2H ) that appears as a groove on the locule casts ( fig. 2E ). This corresponds to a thin median septum, which is seen in transverse sections of the permineralized fruits ( fig. 2F, 2G ; fig. 3A , 3B).
The fruit wall is from 0.3 to 0.6 mm thick and composed of an endocarp of more or less isodiametric sclereids with undulating walls 12-15 cells thick, surrounded by softer tissues and the epicarp ( fig. 2H ; fig. 3D , 3E). Idioblasts containing rhomboidal crystals are prominent in the outermost layer of the endocarp ( fig. 3E ). Outside the idioblast layer is the ''mesocarp,'' apparently representing perianth tissue, of isodiametric to tangentially elongate parenchymatous cells, eight cells thick, and an exocarp of sclereids ( fig. 3E ). Veins corresponding to the external ribs of nuts pass longitudinally within the mesocarp ( fig. 3E ).
Successive serial sections from base to apex of wellpreserved fruits (PP15792 and UF41684) reveal two locules separated by a thin median septum, with a single elliptical seed in each chamber (e.g., fig. 3A , 3B). Placentation is near the apex and apparently axile ( fig. 3A, 3B ). In other specimens the septum has ruptured, and it appears that sometimes only one of the seeds developed and expanded, resulting in a single-seeded, unilocular fruit at maturity ( fig. 2E-2H ). The perianth surrounds the fruit with apical tepal lobes ( fig. 2A , 2C, 2D), indicating that the nuts are formed from an inferior ovary. The style sometimes persists, with a single base up to 1 mm long ( fig. 2C, 2D ). Bifurcating stigmas similar to those seen in Palaeocarpinus joffrensis (Sun and Stockey 1992) were not observed in natural fracture surfaces but are inferred because serial transverse sections of one specimen revealed two stigmatic arms ( fig. 3C ).
Discussion of Infructescences and Fruits
Palaeocarpinus dakotensis is assignable to the genus by its longitudinally ribbed and dorsiventrally flattened small nut borne within a pair of equally sized involucral bracts. The new species is distinct from previously described species as the largest, most robust form, with elongate bracts with two to three orders of branching and prominent planated, spiny teeth. Some populations of Palaeocarpinus aspinosa from Buffalo Basin and East Salt Wells Creek, Wyoming (Manchester and Chen 1996) , have bracts of comparable size, but the bracts of that species are neither dissected nor spiny.
Morphological features of P. dakotensis can be compared with those of previously described species known from compressed remains. Among the species for which infructescences are known, Palaeocarpinus joffrensis (Sun and Stockey 1992) and the very similar Palaeocarpinus orientalis (Manchester and Guo 1996) have both smaller infructescences and nuts than P. dakotensis. The bracts of those species are also smaller, more variable in shape, and less dissected (only one or two orders of branching) than those of P. dakotensis, with relatively few spines. Nuts of P. joffrensis have numerous fine striations in contrast to the fewer, stronger ribs of P. dakotensis and are borne on short, stout pedicels. Palaeocarpinus aspinosa has less compact infructescences with fewer cymules (about five compared to over 15 in P. dakotensis) and more ovoid bracts that lack spines and are only rarely toothed on their distal tips (Manchester and Chen 1996) . Infructescences are unknown for the type species, Palaeocarpinus laciniata, from the Paleocene of England, although its fruits are often dispersed in pairs (Crane 1981) . Infructescences also remain unknown for Palaeocarpinus pacifica from Asia (Akhmetiev and Golovneva 1998) and the Eocene species of Asia and northwestern North America (Akhmetiev and Manchester 2000; Pigg et al. 2003) . Fruits of P. laciniata are more broadly lobed and less highly dissected than P. dakotensis. Two middle Eocene forms from Washington and British Columbia have smaller, more delicate involucres. Palaeocarpinus barksdaleae from Republic, Washington, has elliptical to ovoid nutlets and fan-shaped bracts with reticulate venation, while Palaeocarpinus stonebergae from Princeton, British Columbia, has more ovoid to circular nuts within highly dissected involucres (Pigg et al. 2003) .
In addition to morphological features compared above, P. dakotensis provides new anatomical characters that may be general for this extinct genus, including the anatomical composition of the fruit wall and the development of two ovules separated by a thin median septum. In extant Betulaceae, the ovary is bilocular, but the septum is destroyed by the expansion of a single seed, resulting in a unilocular, single-seeded mature fruit (Hutchinson 1967) . In this context, it is interesting that we have found some of the fossils to be bilocular, with a seed in each locule ( fig. 3A) . Sections of the nuts show prominent vascular bundles in the outer layers that vascularize the tepals but not within the sclerified tissue of the nut wall ( fig. 2H; fig. 3B, 3E ). The external position of these vascular bundles is responsible for surface ribs, as seen also in Carpinus ( fig. 2J ; Jentys-Szaferowa 1961). This situation is in marked contrast to Corylus nuts, which are smooth or only gently ribbed on the external surface, with vascular bundles embedded within the endocarp rather than in surface tissues ( fig. 2I ). Cross sections show that the bracts were highly fibrous and were vascularized by several major strands ( fig.  3E ). In contrast, the bracts of extant Carpinus are less fibrous and have a central large strand (midvein) and subsidiary strands forming the secondary and tertiary venation. Highly dissected involucres like those of P. dakotensis are also known in some extant species of Corylus (e.g., Corylus ferox Wall., Corylus wangii Hu). In C. ferox the spines are not planated, but in C. wangii, the bracts are laminar and dissected in a manner very similar to those of Palaeocarpinus.
It is striking that so many of the fruits in P. dakotensis are found still attached to the infructescences, both at Almont and Beicegel Creek; only a few isolated cymules, bracteate fruits, and nuts were observed. Most other Paleocene species of Palaeocarpinus are represented by more abundant isolated cymules or isolated fruits, which apparently were readily shed from the infructescence. The observed differences might indicate that whole infructescences were shed as part of the dispersal mechanism for P. dakotensis, whereas other species may have more easily dispersed their cymules and/or nuts individually. Neither intact infructescences nor cymule pairs are known for the Eocene species, and it is likely that they shed their fruits separately rather than as two-fruited cymules (Pigg et al. 2003) .
Following the interpretation of cymule homology in extant Betulaceae by Abbe (1935) and Hjelmquist (1948) , the bracts forming the involucre of Palaeocarpinus nuts have been inferred to represent a pair of tertiary inflorescence bracts, possibly with some contribution from a fused secondary bract (Crane 1981) . Persistent primary bracts were observed on the infructescence axis in one specimen of P. aspinosa, from Patrick Draw, Wyoming (Manchester and Chen 1996, their fig.  4 ), but comparable structures were apparently not persistent in P. dakotensis.
The relative size of P. dakotensis fruits is typically small, but some approach the size seen in some species of Corylus. It is also noteworthy that the nuts are free from the enveloping bracts except at their extreme base. Hence, the nuts lack prominent attachment scars of the kind seen in extant and fossil species of Corylus.
Associated Staminate Inflorescences and Pollen (Example Specimens: Figs. 4-6)
Staminate inflorescences associated with Palaeocarpinus dakotensis are elongate, cylindrical catkins up to 13 cm long and 0.3-0.4 cm wide borne terminally on a twig in groups of at least three ( fig. 4A-4G ; Crane et al. 1990, their fig. 17A-17C ). Variation occurs in size and morphology: some are small and compact ( fig. 4E, 4F ), while others are larger and more loosely arranged, with longer internodes (fig. 4A ). Catkins consist of many helically arranged, tightly packed cymules around a slightly woody central axis ca. 1 mm in diameter (figs. 4H, 5A). The major bracts are 1.8 mm long, 1.0 mm wide, and obovate with an apiculate tip ( fig. 5C,  5D ). Smaller pairs of bracts subtend and partially fuse with them ( fig. 5A, 5D ). Stamens are deeply bifurcate, with elongate pollen sacs (0.9 mm long, 0.125 mm wide) narrowly attached by a small connective like those typical of Coryloideae ( fig. 5C ; Hufford and Endress 1989) . The number of stamens per bract is four to six (eight to 12 halfanthers). In transverse section, stamens may appear bilobed at proximal levels or as two separate but closely spaced units distally ( fig. 5B, 5D, 5E ). The anthers are either sessile or have a short filament ( fig. 5C ). As is characteristic of coryloid stamens (Abbe 1974; Hufford and Endress 1989), pollen sacs Pollen was found both in situ and as isolated grains in the matrix ( fig. 6 ; Crane et al. 1990, their fig. 17D-F) . It is triporate, suboblate, 20-25, average 24 mm in equatorial diameter and 18-23, average 21 mm in polar diameter with equally spaced, equatorial pores ( fig. 6 ). In polar view the grains appear circular-triangular with rounded sides and pores that protrude slightly from the surface (fig. 6 ). In equatorial view the grains are elliptical (Crane et al. 1990, their fig. 1 ). Two layers of exine can be recognized under light microscopy ( fig.  6B, 6C ). Exine thickness is 0.8-1.0 mm; the apertural height averages 1.0 mm. The exine does not thicken at the apertural region, and there is no vestibulum. The surface of the pollen exine is scabrate with many irregularly spaced, minute spinules arranged in rows on low ridges ( fig. 6D ).
Discussion of Staminate Inflorescences
Staminate catkins have been reported in association with Palaeocarpinus joffrensis, Palaeocarpinus orientalis, Palaeocarpinus aspinosa, and Palaeocarpinus barksdaleae. However, it has been difficult to clarify internal details of their structure from compression/impression remains (Sun and Stockey 1992; Manchester and Chen 1996; Manchester and Guo 1996; Pigg et al. 2003) . The anatomical preservation of material in the Almont and Beicegel Creek floras allows us to document these details more completely and to compare them with extant coryloid and betuloid forms.
Staminate catkins of Palaeocarpinus dakotensis are borne in clusters of at least three ( fig. 4A, 4B ). This organization was suggested previously by Sun and Stockey (1992) , based on the close, parallel positioning of several catkins within the matrix in their P. joffrensis material. Like all of the staminate catkins known in association with infructescences or fruits at other localities, those of P. dakotensis are elongate and relatively narrow. However, they can be considerably longer (up to at least 13 cm) and are relatively narrower (3-4 mm) than those known for other species. The length/width (L/W) ratio of the North Dakota catkins ranges from 9 : 1 up to 37 : 1, in comparison to values of 12 : 1 (P. joffrensis and P. orientalis), 10 : 1 (P. barksdaleae), and 8 : 1 (P. aspinosa). Smaller, and presumably less mature, North Dakota specimens are of more similar size and proportion to the catkins associated with other species of Palaeocarpinus. These comparisons are necessarily preliminary, because relatively few catkins are known for other species. However, they do suggest that, like the pistillate P. dakotensis infructescences, associated staminate catkins were large in comparison to those found in association with other species. It is also interesting that these staminate catkins have a small amount of secondary tissue in the central axis (figs. 4H, 5A), a feature reported to be lacking among extant betulaceous staminate catkins (Abbe 1935) .
Additional notable features of these staminate catkins are the shape of bracts and the presence of dense trichomes on the anthers (fig. 5C ). Primary bracts are more similar to those of most genera of Coryloideae in having an obovate shape. This feature is fairly constant among staminate catkins associated with other species of Palaeocarpinus, with the possible exception of P. orientalis, in which the distal tips of bracts are not apparent (Manchester and Guo 1996) . Trichomes have not been generally reported among other species of Palaeocarpinus, except for the staminate catkins P. joffrensis, where they occur on the primary bracts, are 15-25 mm long, and are only detected occasionally (Sun and Stockey 1992) . They are also present on bracts of the North Dakota catkins ( fig. 5D ). Although staminate catkins were not found in association with the type species, Palaeocarpinus laciniata from the Paleocene Reading Beds of southern England, dense trichomes do occur on the perianth (perigone) of pistillate cymules (Crane 1981) . The apparent absence of trichomes in other species may be because of limited preservation.
Staminate catkins of both betulaceous subfamilies, Betuloideae and Coryloideae, are similar in organization but differ in the presence or absence of a well-defined perigone (perianth lobes), stamen number, and morphology. Our fossils have an architecture corresponding to that of Coryloideae. Like almost all extant members of this subfamily, a perianth is lacking and stamens are bifurcate, with elongate pollen sacs bearing distal tufts of trichomes on relatively small connectives and filaments that are either very short or lacking. Previous authors have commented on the elongate pollen sacs of Palaeocarpinus-associated catkins and sometimes figured them (Sun and Stockey 1992) , but their bifurcate structure has not been described. Prominent tufts of trichomes on stamen apices also occur in extant Coryloideae (Hufford and Endress 1989) but are lacking in Alnus and Betula (Betuloideae).
Within the subfamily Coryloideae, stamen number varies according to genus (Abbe 1935 (Abbe , 1974 . Ostrya has ca. 15 stamens and Ostryopsis four to six. Although Corylus and Carpinus have very similar stamen morphology, the number of stamens differs (four and up to 18, respectively). Other species of Palaeocarpinus have been described as having ''many'' (Manchester and Chen 1996; Manchester and Guo 1996) or having ''at least 14'' (Sun and Stockey 1992) pollen sacs per cymule. Counting stamen number is difficult in highly compressed remains because it can be difficult to determine whether the observed pollen clumps represent complete anthers, half-anthers, or isolated sacs constituting only onefourth of the original stamen. If the 14 anthers recognized in P. joffrensis were actually half-anthers from highly bifurcate anthers (as seems likely and is typical of Coryloideae), then this species presumably bore around seven anthers per cyme or about three to four per bract, as in P. dakotensis.
Whereas most fossil pollen previously reported for Palaeocarpinus has been compressed and flattened during fossilization, in situ pollen in catkins from Almont and Beicegel Creek is usually undistorted, thereby giving a different appearance ( fig. 6B) . The shales in which the megafossils are preserved are also rich in dispersed pollen with one of the most abundant types of dispersed pollen identical to the in situ grains.
Pollen grains from the Almont and Beicegel Creek catkins are similar in shape and size to those produced by staminate catkins found in association with other species of Palaeocarpinus. We observed triporate grains only in the stamens of catkins associated with P. dakotensis, but four-and five-porate grains occurred along with the dominant triporate grains in catkins associated with P. aspinosa (Manchester and Chen 1996) . In P. dakotensis pores are equatorial, lacking elaboration. The grains are circular to subtriangular in polar view and are ca. 25 mm in diameter. Ultrastructural features were not studied for P. dakotensis, but pollen associated with some other species has a thin foot layer, a granular interstitium, and a thicker tectum (Sun and Stockey 1992; Manchester and Chen 1996) .
Associated Leaves: Corylites sp.
(Example Specimens: Fig. 7 )
Leaves associated with Palaeocarpinus dakotensis are simple, with serrate laminae 5-15 cm long and 3-13 cm wide with a L/W ratio of 1.1-1.7 : 1 ( fig. 7 ; Crane et al. 1990 , their fig. 18A, 18B ). Typically they are elliptical to ovate and unlobed ( fig. 7A ), but ca. 10% of the specimens have two or more pairs of well-developed lateral lobes (e.g., fig. 7B ). The leaf base is typically cordate (fig. 7A, 7C ) and the apex acute or rounded. Petioles are thick (1.5-3 mm; fig. 7C ) and 3.5-5 cm long. The midvein is straight to curved and of medium thickness. Secondary venation is pinnate and craspedodromous, with seven to nine pairs of oppositely arranged straight to curved secondary veins ( fig. 7A, 7B, 7D ). Their angle of divergence from the midvein is about 30°-48°, the basalmost pairs diverging at the widest angle (fig. 7C) ; the distance between adjacent secondaries in midsection of leaf along midvein varies from 9 to 20 mm. Agrophic veins are well developed on the lowermost pairs of secondaries ( fig. 7C) , and intersecondary veins are absent. Tertiary veins are percurrent, relatively thin, straight to convex, opposite and perpendicular to secondary veins, and produced at intervals of 1-5 mm ( fig. 7C, 7D ). Quaternary venation is orthogonal, and fifth-order venation forms irregular polygonal areoles ( fig.  7D ) containing straight to curved, freely ending veinlets (Crane et al. 1990, their fig. 18B ). Leaves have a serrate margin with acute to right-angle teeth ( fig. 7D ; Crane et al. 1990, their fig. 18B ). Each primary tooth has one to four subsidiary teeth. The principal vein of each tooth enters medially to basally. The apical flank of the tooth is straight to concave; the basal flank straight, convex, or acuminate; and the sinuses acute (Crane et al. 1990, their fig. 18B ).
Discussion of Leaves
This is the only type of betulaceous foliage that has been found at the Almont and Beicegel Creek localities. It is one 1144 INTERNATIONAL JOURNAL OF PLANT SCIENCES of the most common leaf types, but complete specimens are relatively rare because the silicified shale in which the fossils are preserved tends to fracture concoidally, exposing only a portion of the leaf. The cordate base, pattern of serration, spacing, and course of secondaries and tertiaries are all very similar to extant Corylus leaves and to several different fossil species. Lesquereux (1873 Lesquereux ( , 1883 , Ward (1885) , and others (cited in LaMotte 1952) placed similar leaves from the Paleocene of Montana and the Dakotas in Corylus macquarrii (Forbes) Heer, a species based on leaves from the Paleocene of Scotland. In revising the Paleocene flora of the Rocky Mountains and Great Plains, Brown (1962) reassigned such leaves to Corylus insignis Heer, a species originally described from the Miocene of Switzerland (Heer 1856). Hickey (1977) recognized another species, Corylus acutertiaria, based on similar foliage from the Paleocene Bear Den member of the Golden Valley Formation from sites geographically close to but stratigraphically somewhat younger than the Almont and Beicegel Creek sites. Hickey's (1977) Corylus acutertiaria leaves occur at the same locality (USNM loc. 14121), with a spiny infructescence that we identify as Palaeocarpinus joffrensis (Hickey 1977, pl. 54, fig. 18 ) and a staminate catkin (Hickey 1977, pl. 17, fig. 3 ). That specimen of Palaeocarpinus differs from Palaeocarpinus dakotensis in the smaller size of the infructescence and bracts.
The nomenclature of leaves found in association with other species of Palaeocarpinus has been handled in several ways. Leaves co-occurring with the type species, Palaeocarpinus laciniata, were assigned to their own genus, Craspedodromophyllum (Craspedodromophyllum acutum; Crane 1981); however, they are distinct by their elongate shape, acute base, and greater number of secondary veins from the Corylus-like leaves found with subsequently described species of Palaeocarpinus. Leaves more similar to Corylus either have remained unnamed, like those associated with P. joffrensis (Sun and Stockey 1992) , or have been assigned to Corylites Gardner ex Seward and Holttum. The formal binomial, Corylites bellatulla, was applied to the leaves found with Palaeocarpinus orientalis (Manchester and Guo 1996) , whereas the leaves found with Palaeocarpinus aspinosa were assigned only to Corylites sp. (Manchester and Chen 1996) . We follow Seward and Holttum (in Boulter and Kvaček 1989) in placing this kind of foliage in the fossil genus Corylites. However, Golovneva (2002) places very similar leaves associated with Palaeocarpinus joffrensis from Spitsbergen in Craspedodromophyllum, avoiding assignment to Coryloides because the type species of Corylites was not found in association with Palaeocarpinus fruits. There is as yet no convincing evidence from fruits for the recognition of extant Corylus prior to the Eocene. The ''nut'' attributed to Corylus insignis by Brown (1962, pl. 21, fig. 6 ) from the Paleocene of eastern Montana has been reexamined by us, and it shows a striated surface and basal aril scar diagnostic of Taxus seeds. Pending a more comprehensive investigation of Palaeocarpinusassociated foliage, we refrain from making a formal specific assignment for the leaves associated with P. dakotensis.
General Discussion
We hypothesize that the Palaeocarpinus dakotensis infructescences were borne by the same plants as the staminate catkins and foliage described above. The association of these dispersed organs together at both locations, in the absence of other betulaceous remains, supports this conclusion. This hypothetical reconstruction provides additional characters that are important in placing the species, and the genus, with respect to other fossil and modern Betulaceae. The differences that delimit species based on infructescence structure discussed above are relatively clear, while the staminate catkins, pollen, and most leaves that are also thought to be parts of Palaeocarpinus plants are more generalized and difficult to distinguish.
Palaeocarpinus, as now understood from previously described species augmented by the newly recognized, anatomically preserved P. dakotensis, is a genus that falls close to extant Carpinus and Corylus but does not fit within either of those modern genera. Although it resembles Carpinus in the large number of fruits per infructescence and morphology of the externally ribbed nut, the bracts of Carpinus are membranous, asymmetrical in size, with a reticulate venation pattern (Yoo and Wen 2002) . Some species of Palaeocarpinus have well-developed spinose teeth on the bracts, which are not seen in Carpinus. Staminate catkins of Carpinus have many stamens per bract (up to 18), whereas Palaeocarpinus has few. In addition, the primary bracts of staminate catkins in Carpinus are more elongate and tapering than in Palaeocarpinus.
In many ways, Palaeocarpinus seems closest to Corylus. The paired bracts enveloping the nut are very similar to Corylus wangii in texture and venation, with many parallel veins in the presence of spinose teeth. The staminate catkins and pollen match those of Corylus nicely, and the associated leaves are indistinguishable from those of Corylus. This might lead to the conclusion that the only feature distinguishing Palaeocarpinus from Corylus is its smaller nut. However, there are other differences, too. In Corylus nuts, the involucre is fused over the basal portion, resulting in a prominent scar with a circle of vascular bundle endings when the nut is detached. In Palaeocarpinus, the nut is free from the bracts except at the extreme base, and there is no circular scar from detachment. A further significant anatomical difference is that the nutshell of Corylus contains prominent vascular bundles within the sclerified fruit wall ( fig. 2I) , whereas in Palaeocarpinus all vascular bundles occur to the outside of the sclerified tissue, in layers corresponding to the perigone.
The P. dakotensis plant differs from the type species, Palaeocarpinus laciniata, especially in context to the associated leaves. The betulaceous leaves of Craspedodromophyllum acutum that Crane (1981) found in co-occurrence with P. laciniata are more elongate (L/W ratio 2.5-2.8 : 1 or more) and have more acute cuneate bases and more pairs of secondary veins (12 or more) than the leaves found with Palaeocarpinus at other sites. The leaves associated with P. dakotensis are similar to those found with Palaeocarpinus joffrensis, Palaeocarpinus orientalis, and Palaeocarpinus aspinosa, and the unrevised species from Menat, France (''Atriplex borealis'' [Saporta] Laurent; Crane 1989 ). All of these forms are typically medium in breadth (L/W ratio 1.1-1.7 : 1), cordate based, and correspond to the form genus Corylites. Although the two morphotypes of foliage associated with Palaeocarpinus are strikingly different in overall appearance, finer venation and serration type are similar. Comparable interspecific variability of foliage also occurs among modern genera of the Betulaceae.
Apparently, the differences between Palaeocarpinus and extant Corylus reflect the retention of more plesiomorphic characters in the former. The retention in Palaeocarpinus of 1146 a median septum and sometimes two seeds, rather than one, is probably primitive within the family. The presence of vascular bundles within the sclerified fruit wall of Corylus, lacking in other coryloids including Palaeocarpinus, may be viewed as a synapomorphy for species of that genus. Similarly, the larger nut and basal attachment scar of Corylus are specialized features of dispersal biology that had apparently not yet been fixed in Palaeocarpinus. In view of the many vegetative and reproductive similarities between these two genera, it is likely that Palaeocarpinus may be a paraphyletic group of plants (Crane 1981) within the coryloid lineage whose phylogenetic relationships are not yet fully resolved.
The stratigraphic distribution of Palaeocarpinus (Early Paleocene to Late Eocene) precedes, and partially overlaps with, the stratigraphic ranges of the four extant genera of Coryloideae. Corylus and Carpinus both have their earliest known fruit records in the middle Eocene (Pigg et al. 2003) , while Ostrya is first confirmed from the early Oligocene (Manchester and Crane 1987) . Ostryopsis does not have a confirmed fossil record.
In the Paleocene, Coryloideae were represented by diverse species of Palaeocarpinus, as well as Cranea, an extinct coryloid genus known from infructescences, nuts, associated foliage, and staminate catkins with in situ pollen (Manchester and Chen 1998) . Cranea occurred sympatrically with P. joffrensis at several locations in Wyoming. In contrast to Palaeocarpinus, in which the bracts remained attached to the fruit on dispersal, in Cranea the bracts remained attached to the infructescence axis, and the nuts were shed separately. Cranea infructescences are known only from impression fossils lacking anatomical details, but they appear to have been quite similar to infructescences of Ostryopsis. It is possible that Cranea is an early representative of the Ostryopsis lineage, which otherwise has no known fossil record.
Several species of Palaeocarpinus persisted into the Eocene in western North America, where there is also the first evidence of Corylus and Carpinus (Pigg et al. 2003) . By the early Oligocene, Palaeocarpinus is no longer present, and Ostrya makes its first appearance. Also present is the genus Asterocarpinus (Manchester and Crane 1987) , an extinct member of the Carpineae with a characteristic involucre typically with four to six radiating winglike arms. Both the morphological features of Palaeocarpinus, and its earlier stratigraphic distribution, indicate that plants of this kind may have been the progenitors of both Corylus and the late Eocene to early Oligocene diversification of the Carpineae.
